Cell-derived GPMVs (giant plasma-membrane vesicles) enable investigation of lipid phase separation in a system with appropriate biological complexity under physiological conditions, and in the present study were used to investigate the cholesterol-dependence of domain formation and stability. The cholesterol level is directly related to the abundance of the liquid-ordered phase fraction, which is the majority phase in vesicles from untreated cells. Miscibility transition temperature depends on cholesterol and correlates strongly with the presence of detergent-insoluble membrane in cell lysates. Fluorescence correlation spectroscopy reveals two distinct diffusing populations in phase-separated cell membrane-derived vesicles whose diffusivities correspond well to diffusivities in both model systems and live cells. The results of the present study extend previous observations in purified lipid systems to the complex environment of the plasma membrane and provide insight into the effect of cholesterol on lipid phase separation and abundance.
INTRODUCTION
Several lines of evidence, including the identification [1] and characterization [2] of detergent-resistant membrane fractions, anomalous diffusion of membrane bound tracers [3] and nanoscale aggregation of fluorescent proteins and markers [4, 5] , have been used to develop the hypothesis of cholesterol-and sphingolipidenriched membrane rafts in the plasma membrane [6] . The current conception of rafts consists of transient nanoscopic domains within the bulk membrane which contain a variety of specific proteins and lipids. These domains have been proposed as platforms for the organization and concentration of signalling components [2] . Model system experiments using mixtures of synthetic lipids in monolayers [7] , supported bilayers [8] and giant vesicles [9, 10] have reproduced and extensively characterized liquid-phase demixing in mixtures of cholesterol and various phospholipids [11] . A consistent result across all model systems is that inclusion of cholesterol in lipid mixtures can result in liquidliquid phase separation into an L o (liquid-ordered) and an L d (liquid-disordered) phase [11, 12] . The L o phase is characterized by conformational ordering resembling a crystalline/gel phase [13] , but distinguished from it by a high degree of rotational and translation mobility, characteristic of the L d phase [14] . This L o -L d coexistence has been proposed to be the physicochemical basis for plasma-membrane rafts, which have been postulated to be ordered phase domains.
Although model system experiments have successfully recapitulated cholesterol-dependent liquid-phase coexistence, they have offered no conclusive evidence that L d -L o phase immiscibility is physiologically related to cell-membrane rafts. This limitation is due, in part, to the fact that model systems cannot replicate the tremendous complexity of the plasma membrane, both in the heterogeneity of lipid species and the inclusion of membrane-associated proteins that affect the thermodynamics of lipid-mediated demixing. However, recent experiments using GPMVs (giant plasma-membrane vesicles), cell-derived liposomes that maintain the lipid [15] and protein [16] diversity of the plasma bilayer, have shown temperaturedependent liquid-liquid phase separation, similar to that observed in model systems [17] . This phase separation was found to segregate known protein and lipid markers of lipid rafts, providing a link between L d -L o phase separation in model systems and the lipid raft hypothesis in cellular plasma membranes. Recent experiments have suggested that GPMVs exist near miscibility critical points, and therefore that the behaviour of these complex lipid and protein mixtures can be understood by universally applicable scaling laws [18] .
In the present study, we extend these studies by using fluorescence microscopy and FCS (fluorescence correlation spectroscopy) to characterize liquid-liquid phase coexistence in GPMVs and find good agreement between observations in GPMVs and purified lipid model systems with regard to the dependence of phase abundance and miscibility on the cholesterol fraction. This agreement implies that phase behaviour in simple lipid mixtures can be used to approximate domain formation in the complex environment of the plasma membrane. Additionally, we find a strong correlation between the temperature-dependent separation of a raft phase in GPMVs and the detergent-resistance of cellular membranes, suggesting that these two phenomena are related and that both are related to the existence of membrane domains in the native plasma membrane.
EXPERIMENTAL
GPMVs were isolated after chemically inducing cell blebbing with 25 mM paraformaldehyde and 2 mM DTT (dithiothreitol) in calcium-containing buffer [150 mM NaCl, 10 mM Hepes and 2 mM CaCl 2 (pH 7.4)] for 1 h at 37
• C as previously described [17] , and labelled with rhoPE (rhodamine 1-stearoyl 2-oleoyl phosphatidylethanolamine; Avanti) and/or nap (naphthopyrene; Sigma) by incubation at room temperature (23
• C) for 15 min with 2.5 μg/ml rhoPE and/or 10 μg/ml nap. A chamber was created by making a square of silicon sealant (Dow Corning) on a BSA-coated coverslip, into the middle of which 20 μl of labelled GPMV suspension was deposited, followed by sealing of the chamber with another coverslip. The fluorescence of the vesicles was visualized using an inverted microscope (Leica) equipped with appropriate filter sets. The temperature was controlled using a Peltier temperature control stage (TS-4; Physitemp) at 10
• C, unless otherwise stated. The percentage surface area covered by the L d phase was quantified by calculating the surface area of the spherical cap (SA cap ) covered by the rhoPE-rich (bright) phase using the relationship (eqn 1):
where h cap is the height of the spherical cap and equivalent to (eqn 2):
if L d is the minority phase and (eqn 3),
if L d is the majority phase. r vesicle and r cap are the radii of the vesicle and rhoPE-rich cap respectively, and were measured using ImageJ software.
FCS was performed with a confocal microscope on GPMVs as previously described for GUVs (giant unilamellar vesicles) [19, 20] . Detergent-resistant membranes were isolated on a discontinuous sucrose gradient as described previously [21] . Purification and quantification of membrane lipids were performed in accordance with previously published protocols [22, 23] . Further experimental details are available in the Supplementary material (at http://www.biochemj.org/bj/424/bj4240163add.htm).
RESULTS AND DISCUSSION
GPMVs derived from NIH 3T3 fibroblasts were stained with rhoPE (disordered-phase tracer), and observed by fluorescence microscopy to quantify the relative abundance of L d and L o phases (the L o phase is also referred to as the 'raft phase' because it enriches for raft components [17] ). The results in Figure 1 show that more than 70 % of the surface area of vesicles derived from untreated cells is composed of the raft phase, suggesting a continuous ordered bilayer in which disordered domains exist as inclusions [imaging performed at 10
• C unless otherwise stated, although phase abundances were temperatureindependent over a wide range (10- as isolated and scarce lipid rafts, instead suggesting the possibility of a plasma membrane existing as a majority liquid-ordered continuum interrupted by disordered domains. The idea of a percolating raft phase is consistent with previous measurements of diffusivity of raft and non-raft protein and lipid markers [24] , electron-spin resonance in live cells [25] and single-cell detergent extractions [26] .
Detergent-resistant membrane fractions, which formed the original basis for the raft hypothesis, are enriched in cholesterol, suggesting that lipid rafts are liquid-ordered membrane structures enriched in, and possibly dependent on, the presence of cholesterol. We modulated cholesterol levels in cells prior to GPMV isolation, and in GPMVs isolated from untreated cells, to determine whether cholesterol affects the abundance and coexistence of the two liquid phases. Depletion of cellular cholesterol by treatment with 5 mM MBCD (methyl-β-cyclodextrin) decreased the cholesterol molar fraction by more than 20 % in the derived GPMVs, and resulted in significant changes to the relative abundance of the phases, more than doubling the relative abundance of the disordered, non-raft, phase from 28 % to more than 65 % of the surface area ( Figure 1 ). Inversely, loading cells with cholesterol by treatment with cholesterol-saturated MBCD (decreasing the GPMV phospholipid/cholesterol ratio from 1:1 to 1:0.8) led to a near disappearance of the L d phase, from 28 % to 5 % surface area, causing these GPMVs to appear nearly dark with very small bright disordered patches. Similar results were observed when GPMVs were cholesterol-loaded after isolation from untreated cells.
Although MBCD depletion of plasma membrane cholesterol strongly affected the phase abundance of derived GPMVs, this technique was unable to deplete cholesterol below ∼ 35 mol % (Supplementary Figure S2 at http://www.BiochemJ. org/bj/424/bj4240163add.htm). This limitation was overcome by direct MBCD treatment of vesicles following their isolation from cells, which resulted in non-circular, jagged and ribbonlike domains ( Figure 1 ) similar in morphology to gel-phase domains observed in cholesterol-free GUVs where demixing was the consequence of acyl chain length differences between the component phospholipids [20] .
These cholesterol modulation data are consistent with purified lipid experiments that have shown cholesterol-dependent formation of a L o phase, and the abolition or reduction of that phase when cholesterol was depleted [10, 27] . The induction of a non-fluid gel phase by wholesale depletion of cholesterol is consistent with liquid/gel phase separation in GUVs lacking cholesterol [20] , as well as measurements in cholesterol-depleted live cells [28] and observations of viral lipid extracts [29] .
In addition to phase abundance, the cholesterol molar fraction affects phase separation in numerous simplified lipid model systems [11] , prompting the hypothesis that the same effect might be observed in the complex lipid and protein mixture of GPMVs. Cellular cholesterol levels were manipulated as above, and the temperature-dependent phase separation of GPMVs derived from those cells was measured. Loading cells with cholesterol (∼ 20 % decrease in [phospholipid]/[cholesterol]) decreased the average miscibility transition temperature (T misc ) from 24 to 21
• C, whereas depleting cellular cholesterol increased T misc to 32
• C. Cholesterol depletion also produced a significant fraction (15 %) of microscopically phase-separated vesicles at 37
• C, suggesting the possibility of cholesterol-dependent phase separation in complex membranes at physiological conditions ( Figure 2 ). This observation corresponds well to phase separation induced by cholesterol depletion of live cells at physiological temperatures [26] . Additionally, the cholesterol molar fraction dependence of T misc (Figure 2 ) closely resembles the same dependence measured in model liposomes [27] . This agreement is particularly striking since not only the trends, but also the absolute values of the transition temperatures, are similar for three-component GUVs and the much more complex cell-derived vesicles considered here, suggesting that findings in purified lipid systems can be extended to multi-component, cell-derived protein-lipid mixtures.
The findings presented above show that phase abundance and miscibility as a function of cholesterol in GPMVs correspond well to the same properties observed in simple systems. At the opposite extreme of complexity from purified lipid models of membrane rafts are the detergent-resistant membrane fractions that suggest the existence of biochemically distinct membrane domains in whole-cell lysates. To determine the relationship between fluidphase coexistence in GPMVs and the presence of a low-density membrane fraction in detergent-lysed cells, the temperaturedependence of these two distinct membrane phenomena was investigated by also performing sucrose-gradient fractionation of cell membranes at different temperatures. The temperature profile of microscopically observable phase coexistence in GPMVs from untreated cells followed a relatively abrupt transition from entirely phase-separated to microscopically uniform vesicles between 20 and 25
• C. The temperature-dependent abundance of the mass of cholesterol in detergent-resistant membrane fractions yielded a very similar temperature profile, with the detergentresistant fractions making up 20-25 % (w/w) of the total cholesterol below the phase-transition temperature of the GPMVs, but <10 % above (Figure 3 and Supplementary Figure S3 at http://www.BiochemJ.org/bj/424/bj4240163add.htm). The temperature-dependent presence of a detergent-resistant component was confirmed by quantifying the sucrose-gradient distribution of a protein reported to partition to detergent-insoluble rafts. Below 20
• C, > 50 % of Alexa Fluor ® 488-labelled CTB (fluorescently labelled cholera toxin B) was recovered in low-density fractions, whereas <15 % was detergent-resistant above this average GPMV phase-separation temperature (Supplementary Figure  S4 at http://www.BiochemJ.org/bj/424/bj4240163add.htm).
Although the requirement for low temperature and detergent treatment has led to intense scrutiny regarding the physiological relevance of detergent-resistant membranes [30] , we find a strong correlation between detergent-resistance and GPMV phase separation. This result suggests that detergent-insolubility and the existence of a separated ordered phase in complex mixtures are related, and that both are related to membrane rafts. These results confirm findings from detergent extractions of mixed lipid vesicles [9, 31] and GPMVs [32] , and argue against the artefactual induction of liquid-phase coexistence by detergent as the sole mechanism for raft formation. Although neither microscopically observable phase separation nor detergentresistance (without cyclodextrin treatment) was observed in our experiments at physiological temperature (37
• C), the phase separation in GPMVs and detergent-resistance of certain membrane fractions might occur due to the coalescence of underlying nanoscopic assemblies of raft lipids and proteins, recently proposed thermodynamically [18] and experimentally [33] , that are neither microscopically observable nor detergentinsoluble at 37
• C. One of the distinguishing characteristics of ordered compared with disordered fluid phases in model lipid systems is a difference in translational and rotational diffusivity [13] ; lipid and protein diffusivity are major determinants of the cellular distribution and corresponding functions of plasma-membrane components. Lipid diffusivity was quantified in both phase-separated and uniform GPMVs by FCS on fluorescent tracer lipids incorporated into the vesicles. At a temperature at which GPMVs separate into two liquid phases (10 • C), we observed two distinct populations of diffusion coefficients obtained from fits to autocorrelation data ( Figure 4) . The histogram fitted to normal distribution yield average diffusivities of 1.8 and 5.6 μm 2 /s. The correlation data at 37
• C suggest a single population of diffusion coefficients with a mean value approximately equivalent to that of the faster diffusing component at 10 (Figure 4b ). These results agree well with previous measurements in both cells and model systems. The 3-fold difference in lateral mobility between the two phases is almost exactly the same as was measured by fluorescence recovery in DMPC (dimyristoyl phosphatidylcholine)-cholesterol bilayers at physiological temperature [13] . The diffusion coefficients measured in L o and L d phases are very close to the diffusion coefficients measured here, strongly suggesting that the 1.8 μm 2 /s component corresponds to the L o (raft) phase of GPMVs, whereas the faster component is likely to be the disordered phase. The diffusivity differences and magnitudes measured here correspond very well to those measured by FCS for L d and L o phase markers in raft-composition GUVs [19] , as well as to small-scale diffusivities previously measured in live cells by optical tweezers [34] , underlining the agreement not just in phase separation, but also in the properties of those phases, among live cells, GPMVs and purified lipid systems.
The results of the present study demonstrate that complex multi-component lipid and protein membranes can exhibit similar phase behaviour as simple three-component model membranes with respect to abundance, diffusivity and phase separation. Our findings also suggest that this behaviour is related to the detergentresistance of biological membranes, thereby relating biochemical and biophysical descriptions of membrane rafts and suggesting an important role for GPMVs as an intermediate lipid raft model system combining the complexity of the biological membrane with the observable phase separation and experimental simplicity of purified lipid mixtures.
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EXPERIMENTAL
Cell culture and treatment NIH 3T3 fibroblasts were cultured at 37
• C in 5 % CO 2 in DMEM (Dulbecco's modified Eagle's medium; Gibco) supplemented with 10 % (v/v) calf serum (Gibco). For cholesterol depletion, cells at 70 % confluence were treated with 5 mM MBCD dissolved in serum-free DMEM for 1 h at 37
• C. For cholesterol loading, the treatment was the same except the MBCD was pre-loaded with cholesterol by overnight incubation with 160 μg of cholesterol [∼ 2.5 % (w/w); Avanti].
Image analysis
Image analysis was performed as described in the Experimental section of the main text.
Phospholipid/cholesterol quantification
Cells were grown to 70 % confluence in T150 flasks (Corning), treated with cholesterol-free or cholesterol-loaded MBCD, and GPMVs were isolated as described in the main text (the large number of cells was necessary to get a detectable signal from the phosphate assay). The vesicle suspension was then extracted using the Bligh and Dyer method [1] with 3.75 ml of chloroform/methanol (1:2) per 1 ml of suspension overnight at room temperature. Phase separation was induced by adding 1.25 ml of double-distilled H 2 O and 1.25 ml of chloroform. The samples were then centrifuged for 10 min at 2000 g; the top (aqueous) phase was aspirated, and the bottom (organic, lipidrich) phase was saved. A portion (10 %) of the resulting organic phase was analysed for cholesterol concentration as follows: the extracted lipid solution was dried under nitrogen, rehydrated with water, vortex-mixed briefly and then sonicated for 30 min at room temperature to produce small vesicles composed of the extracted lipid components. These vesicles were then analysed for their cholesterol content using a fluorimetric enzymatic kit (Amplex Red Cholesterol Assay Kit, Invitrogen) following the manufacturer's protocol. The remaining organic phase was used to quantify the phospholipid concentration using a colorimetric inorganic phosphate assay [2] . The results from these assays were then combined to determine the relative molar abundance of cholesterol and phospholipids, with the simplifying assumption that there was one phosphate per phospholipid.
FCS of GPMVs
The excitation source at 514.5 nm was derived from the laser lines of an Ar + laser (Spectra-Physics), which was brought (http://Correlator.com) was used to control the data collection as well as the subsequent autocorrelation analysis for the FCS measurements. The vesicles were labelled as described above, with the exception that the final labelling concentration was 1 nM rhoPE (this labelling concentration was an important parameter for good correlation). The confocal volume was calibrated by measuring the correlation arising from the free diffusion of a known dye solution (rhodamine 6G, D T = 2.8×10 −6 cm 2 /s). GPMVs were then placed in a chamber (as above), located using phase contrast and positioned such that the middle of the vesicle was superimposed on the focal laser spot. The focus was then adjusted such that the laser spot was focused on to the top of the membrane (measurements taken from the bottom and side membranes did not yield significantly different results). The laser power at the back port of the microscope was kept low enough to minimize photobleaching of the fluorescent reporters and the fluorescence bursts were detected for 30 s/measurement. In total, seven to ten vesicles per condition were measured at various focal planes with 15-20 measurements/vesicle. Repeat measurements taken at the same spot were quite reproducible and gave nearly identical results.
Correlation curves [G(τ ) against τ ] were fitted from τ = 1×10 −4 to 5 s with the following two-component twodimensional diffusion equation, where one of the components was the vesicle-unincorporated dye diffusing much faster than those in the vesicle (τ free ∼ 150-400 μm 2 /s):
where N is the average number of fluorescent molecules in the confocal volume, τ D is the diffusion time of the membranebound component, and f free is the fraction of unincorporated dye molecules. The diffusion coefficients can be further defined as: where r 0 is the radius of the confocal volume defined by the free dye calibration (for these experiments = 0.33 μm). A small number of curves at 10 • C (< 5 %) were not fitted well by the twocomponent model and required a three-component fit and these were interpreted as capturing tracers in both phases during the 30 s of acquisition of the FCS data (in addition to the free dye).
Membrane-bound components were differentiated from the unincorporated, freely diffusing fluorescent tracers by the magnitude of measured diffusivity (∼ 100× slower for the membranebound dye).
NIH 3T3 fibroblasts were grown to 70 % confluence in 10 cm dishes (Becton Dickinson). The cells were then harvested by trypsinization, and the trypsin was inactivated using soya bean trypsin inhibitor (Sigma). The cells were then washed twice in TNE buffer [25 mM Tris/HCl, 150 mM NaCl and 5 mM EDTA (pH 7.4)]. After the second wash, the cells were resuspended in TNE supplemented with 1 % Triton X-100 (Sigma) and protease inhibitor cocktail (Sigma; 10 μl per ml of lysate) and lysed for 30 min in a temperature-controlled water bath. Following lysis, the cells were homogenized while immersed in a temperaturecontrolled bath by shearing through a 25-gauge needle (20 strokes). Lysate (1 ml) was then mixed with 2 ml of 56 % sucrose to make 3 ml of 40 % sucrose lysate solution, which was overlaid with 7 ml of 35 % sucrose, followed by 2 ml of 5 % sucrose. This gradient was then centrifuged at 39 000 rev./min for 18 h. Fractions (1 ml each) were then analysed for their cholesterol content as described above. Detergent-resistant fractions were defined as fractions 1-3 from the top of the column in all samples except for those extracted at 10
• C. At this temperature (as well as at 18
• C) a significant amount of cholesterol was found in the intermediate fractions [4] [5] [6] [7] Figure S4) , probably reflecting the presence of a transition state between detergentlabile and detergent-resistant membranes. For detergent-resistant membrane quantification of the 10
• C samples, the detergentresistant fractions were defined as those lighter than the fraction in which no cholesterol was observed (fractions 6, 7 and 7 for the three 10
• C repeats, fraction 7 in the sample shown in Supplementary Figure S4) .
There is some evidence that cholesterol may be enriched in the detergent-resistant fractions [3] , which suggests that estimating detergent-resistant membrane fraction by cholesterol quantification may overstate the abundance of the detergentresistant phase. This is not a significant concern because not only would this error be systematic and not affect the results shown in Figure 3 of the main text, but also a recent study suggests that the DRM phase may have an equal cholesterol concentration to that of the detergent-labile phase [4] .
To study the temperature-dependent detergent-resistance of the G M1 -binding pentameric B subunit of the cholera toxin (CTB, a canonical raft marker), cells were incubated prior to Triton lysis with 50 μg/ml Alexa Fluor ® 594-labelled CTB (Molecular Probes) for 1 h at 4
• C. Following lysis and fractionation, the fluorescence of each fraction was measured using an LS-5B spectrofluorimeter (PerkinElmer). The presence of CTB was clearly segregated between a detergent-resistant peak (fractions 3-4) and a detergent-labile peak (fraction 12), so the detergentresistant fractions were defined as fractions 1-5.
The data in Supplementary Figure S4 clearly confirm the data presented in Figure 3 of the main text and Supplementary Figure  S3 , namely the presence of detergent-resistant components below the phase-transition temperature of GPMVs.
